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Abstract 
 
Membrane adsorbers are one alternative to traditional bead-based chromatography that 
receive attention in the bioseparation process because of their ability to process material with 
lower residence times. However some properties of membranes make membrane adsorbers 
unrealistic for some applications. For example, some membrane adsorbers exhibit lower binding 
capacities compared with the traditional bead-based chromatography counterparts. The dynamic 
binding capacity (DBC) in this study is defined as the amount of protein bound in the column 
when the outlet reaches a certain concentration, which is 10% [2], and the equilibrium binding 
capacity (EBC) is the binding capacity under the equilibrium conditions, when the rate of protein 
adsorption is equal and opposite to the rate of protein desorption. Determining the dynamic 
binding capacities (DBC) of innovative protein adsorbers is one of the most important 
performance characterization steps in selecting appropriate materials for the purification process 
of biological products, such as monoclonal antibodies. This method requires analytical 
equipment currently unavailable to our group; however, simpler, equilibrium binding capacity 
(EBC) measurements can be performed easily and at low-cost by determining the equilibrium 
concentration. Researchers have shown how EBC measurements can predict DBC for Protein A 
adsorbent UNO sphere SuPrA and macroporous cation exchanger UNO sphere S [1,2]. Our 
previous analysis included determination of EBC measurements using bovine serum albumin 
(BSA) as a model protein for commercial anion exchange membrane adsorbers (Sartobind Q) 
and resin (Q-Sepharose Fast Flow) adsorbers. The goal of this research is to refine our previous 
methods and extend our analysis to determine DBC values using the existing DBC theory. The 
model from Dr. Carta assumed that the process is dominate by pore diffusion with a rectangular 
isotherm. However, for the batch experiment, when using the existing DBC theory from Dr. 
Carta, the amount of protein held in the voids outside the particles which may cause difference 
compared to the normal DBC which include both the amount of protein held in the particles and 
the amount of protein held in the voids outside the particles. 
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Introduction 
 
The first objective of the project is to determine the appropriate stir rate that should be 
used in the equilibrium binding experiment by exploring the rate of protein adsorption and time 
to reach equilibrium for various stir rates. The absorption of protein to membranes or resins 
typically occurs in a series of three steps which are: (1) mass transfer from bulk fluid to the 
external surface of the adsorbent material, (2) protein diffusion into the pores, and (3) diffusion 
from within the pore to the internal surface that contains the binding site. Respectively, they are 
known as (1) film diffusion, (2) pore diffusion, and (3) surface diffusion. [3] When the solid 
absorbent material is in contact with the protein solution, the protein will first migrate from the 
bulk solution to the surface of the liquid film, and then the surface of adsorbent material will act 
as a diffusion barrier, which indicate the film diffusion is dominates the adsorption process [4]. 
In this study, the bulk and film diffusion needs to be neglected, therefore to minimize these 
processes, the stir rate should be fast enough such that the rate of adsorption does not depend on 
stir rate.  
In general, the diffusivity of the protein through the pore of the membrane is larger than 
the diffusivity of the resin, since it is harder for the protein to diffuse through the resin due to the 
narrow, tortuous pore geometry as in Fugure 1.1 below shows. Therefore, the resistance for 
protein to bind in resins is bigger than that in membranes. 
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Figure 1.1 diffusion in packed bed                  Figure 1.2 diffusion in membrane [5] 
Chromatography [5]                 
Modeling adsorbed species is typically done using adsorption isotherms. The Langmuir 
isotherm model is valid when the following four assumptions are satisfied. First, the surface of 
the adsorbent is uniform. Second, the absorbed molecule, which is protein in this study, do not 
interact. Third, under maximum absorption, the protein molecules do not deposit onto each other 
so that only a monolayer is formed. And finally, all absorption occurs through the same 
mechanism [6]. In this case, the pores of both resin and membrane can be approximated as 
homogeneous with negligible interactions between adsorbed molecules. The BSA protein 
molecules were assumed to form a monolayer, and the pore diffusion dominate the whole 
diffusion process.   
The Langmuir isotherm equation is as follows [7]: 
𝑞∗ =
𝑞௠ 𝑐௕∗
𝐾ௗ + 𝑐௕∗
 
7 | P a g e  
 
where 𝑞∗ is the adsorbed protein density at experimental conditions, 𝑞௠ is the maximum binding 
capacity, 𝑐௕∗  is the concentration of protein in the bulk solution at equilibrium, and 𝐾ௗ is the ratio 
of the association and dissociation constants which can inform whether it is fast or slow for the 
experiment to reach a constant value of the adsorbed protein density. Several assumptions are 
made in order to get the simplified mass balance: first, the system will reach equilibrium status 
after a certain time period. Second, all of the protein that leaves the solution is adsorbed to the 
surface of the absorbents. Third, transfer of protein causes negligible volume change of the bulk 
solution. Therefore, the mass balance can be simplified as below to experimentally solve for the 
absorbed protein density, 
𝑞∗ =
(𝑐଴ − 𝑐௕∗) 𝑉௟
𝑚௔
 
where 𝑐଴ is the initial concentration of the protein in the bulk solution, 𝑉௟ is the volume of the 
solution, and 𝑚௔ is the mass of adsorbent used in the experiments. 
 In the second part of the project, the membrane binding experiment was constructed 
under the new conditions in order to compare the equilibrium binding capacity (EBC) and the 
further calculated dynamic binding capacity (DBC) with the literature values. 
 There have been efforts by researchers to make predictions for DBC using EBC. These 
predictive models depend on the absorbent property. Since the particle diameter is one of the 
variable in the model, the absorbent that appropriate in this model need to perform as particles. 
In that case, membrane is not a suitable absorbent that can be used in this study. 
One model that has been used to predict DBC of resin materials based on EBC 
experiments is presented by Carta [2]. This model is appropriate when the Langmuir isotherm is 
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rectangular, which implies the ratio of the association and dissociation constants is large and the 
value of maximum binding capacity changes greatly with an increase in the initial concentration. 
Additionally, intra-particle mass transfer must be controlled by pore diffusion. In this model, the 
relationship between 𝑞ത, the amount of protein bound per unit of particle volume, and time is 
given by the following equation [8]: 
𝐶଴
𝑞௠
𝐷௘𝑡
𝑑௣ଶ
=
1
4
𝐼 
where the following intermediate variables are defined: 
𝐼 =
1
6𝜆Ʌ
ln ቈ
𝜆ଷ + 𝜂ଷ
𝜆ଷ + 1
 ൬
𝜆 + 1
𝜆 + 𝜂
൰
ଷ
቉ +
1
𝜆Ʌ√3
൤tanିଵ ൬
2𝜂 − 𝜆
𝜆√3
൰ − tanିଵ ൬
2 − 𝜆
𝜆√3
൰൨ −
1
3Ʌ
ln ቆ
𝜆ଷ + 𝜂ଷ
𝜆ଷ + 1
ቇ 
𝜂 = ൬1 −
𝑞ത
𝑞௠
൰
ଵ
ଷ
 
𝜆 = ൬
1
Ʌ
− 1൰
ଵ
ଷ
 
Ʌ =
𝑉௣𝑞௠
𝑉𝐶଴
 
where 𝑉௣ and 𝑉 are the volumes of particles and solution, respectively, 𝑞௠ is the binding capacity 
expressed per unit of particle volume, and 𝐶଴ is the initial protein concentration. Note that in 
order to ensure that complete saturation of the particles is possible, Ʌ must not be >1. 
The breakthrough curve in adsorption is “the course of the effluent adsorptive concentration at 
the outlet of a fixed bed absorber” [9]. The 10% and 1% breakthrough mentioned in this model is 
the concentration at the outlet of the column versus the inlet concentration. 
DBC |ଵ଴%
EBC
= 0.364𝑛 − 0.0612𝑛ଶ + 0.00423𝑛ଷ 𝑓𝑜𝑟 𝑛 < 2.5 
DBC |ଵ଴%
EBC
= 1 −
1.03
𝑛
 𝑓𝑜𝑟 𝑛 > 2.5 
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DBC |ଵ%
EBC
= 0.288𝑛 − 0.0307𝑛ଶ + 0.00083𝑛ଷ 𝑓𝑜𝑟 𝑛 < 2.5 
DBC |ଵ%
EBC
= 1 −
1.19
𝑛
 𝑓𝑜𝑟 𝑛 > 2.5 
The first of these equations is for breakthrough at 10% of the feed concentration, while the 
second is for 1%. In both cases, n is the number of transfer units, which is given by: 
𝑛 = 60(1 − 𝜀)
𝐷௘
𝑑௣ଶ
 
𝐿
𝑢
  
where 𝜀 is the column extra particle void fraction, 𝐷௘ is the effective pore diffusivity, 𝑑௣is the 
particle diameter, L is the column length, and u the superficial velocity. 
The residence time ௅
௨
  is also equal to Vc/Q, where Vc is the column volume and Q is the 
volumetric flow rate. According to the research of Carta and Yamamoto and their colleagues [2, 
10], maximum productivity will appear when DBC/EBC is an intermediate value. For given 
amount of feed, operation with DBC/EBC close to one can minimize the column volume, 
however, the residence time will increase. Operation with a small DBC/EBC value will result in 
short residence time, but a large column will be required [1, 10]. 
The DBC is representative of binding under realistic conditions, taking into account 
dynamic mass transfer effects. It is a fraction of EBC, which is the circumstance where all of the 
binding sites are occupied. “For mass transfer controlled conditions, the ratio DBC/EBC depends 
only on the residence time (L/u)” [1]. Since DBC is dependent on the residence time, having 
reliable ways to to predict it for various adsorbent materials such as membranes and resins can 
help determine the productivity and performance in practical applications. 
However, the model from Dr. Carta [2] cannot be used to directly predict the DBC of 
membrane, since some study suggest that the DBC of membrane is not residence time dependent. 
Researchers are actively working on the predictive models form membrane-based 
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chromatography. For example, Dimartino et al., 2011 [11] proposed a model to describe the 
protein purification process through affinity-based membrane. This model is comprehensive 
since it considered all the three stages of the chromatographic cycle and takes convection, axial 
dispersion and binding reaction kinetics in the porous membrane matrix into account [11]. Wu et 
al. adapted the DBC/EBC prediction for perfusion media and compares it with “monoliths”. In 
this model the hydropermeability of the adsorbent material was determined, and then the Blake-
Cozeny equation was used to determine the porosity and diffusivity of the media [12], which 
allow the application of Dr. Carta’s model [1]. Shekhawat et al. [13] proposed the model to 
predict the mAb adsorption on ion-exchange membrane adsorbers. Shekhawat et al. found that 
the model with the combination of Langmuir isotherm and modified Langmuir or the pseudo-
first order kinetic model provides the best prediction [13]. Though it is still difficult to find one 
specific model corresponding to the prediction of BSA adsorption on ion-exchange membrane 
adsorbers, those could be the future direction of the research. 
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Materials and Methods 
 
For all experimentation, the following chemicals and materials were used: Bovine Serum 
Albumin (BSA) (Sigma-Aldrich), Tris-HCl binding buffer salt (Sigma-Aldrich), Sodium 
phosphate salt (Sigma-Aldrich), Sodium Chloride (Sigma-Aldrich), GE Healthcare Q-Sepharose 
Fast Flow resin (Sigma-Aldrich), Sartobind Q strong basic anion exchange membrane sheets 
(Sartorius Stedim Biotech). Equipment used in this study includes shake table and UV-vis (Nano 
drop 2000 from Thermo Scientific). 
Protein adsorption over time as a function of stir rate:  
In order to understand the effect that stir rate had on the rate of protein adsorption, 
protein concentrations were sampled over the course of several hours for samples each with a 
different stir rate. Bovine Serum Albumin (BSA), 0.025M Tris buffer with pH=8 and Sartobind 
Q strong basic anion exchange membrane sheets which were dried from a 20% glycerol solution 
were used. The membrane was washed by 50% ethanol and put on the shake table at 170rpm and 
22°C for 10 minutes and then emerged in the fresh Tris Buffer solution on the shaker table at 
100rpm and 22°C for 5 minutes. The procedure was repeated twice and then the membrane was 
submerged in the fresh buffer solution for 30 minutes in order to remove the residual glycerol 
from the membrane. Separate samples were placed on the shaker table at each of the following 
stir rates: 100rpm, 130rpm, 170rpm, and 300rpm. The absorbance values of BSA in solution was 
recorded approximately every 2 hours until 6 hours and then the concentration at 24 hours was 
also recorded. The absorbance of BSA was detected using a UV-vis (Nanodrop 2000 from 
Thermo Scientific) and converted to concentration in mg/ml using a calibration curve which can 
be found in Appendix. A. This study informed appropriate selection of stir rate for subsequent 
experimentation. 
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Determination of maximum equilibrium binding capacity  
Values for the equilibrium binding capacity of the Sartorious Q membrane were 
determined in the following procedure. Sodium phosphate buffer (PBS) with pH=8 at 
concentration of 0.1M was used. The area of membrane used was 15 cm2. The stir rate was set to 
170rpm and the temperature was 22°C. A 20ml BSA solution with desired concentration (0.30 
mg/ml, 0.74 mg/ml, 1.18 mg/ml, 1.62 mg/ml, 2.06 mg/ml, 2.50 mg/ml) was prepared and mixed 
on the shake table at 130rpm and 22°C for an hour. The solution absorbance at 280nm was 
recorded. The absorbance at 280nm is used based on the absorbance of UV light of the aromatic 
amino acids tryptophan and tyrosine, and by cystine, disulfide bonded cysteine residues, in 
protein solutions [14]. The washed membranes were added to the solution and then the 
absorbance at 280nm was measured. A BSA-phosphate solution at the same initial concentration 
was prepared with no membrane and used as a control sample. The samples were placed on the 
shaker table for 24 hours at 170rpm, 22°C, and the solution absorbance (280nm) was 
remeasured. Care was taken to make sure the membrane stayed on the side of the flask. The 
binding solution was decanted and the 1 M NaCl elution buffer for a total volume of 20ml was 
added to the flask. Then the flask was placed on the shake table for 24 hours at 170rpm, care was 
taken to make sure the membrane stayed on the side of the flask. Then the absorbance at 280nm 
was measured. The membrane was stored in 20% ethanol until the next batch. 
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Results and Discussion 
 
Determine the stir rate of the experiment 
            
Figure 1. The normalized data of the concentration change of BSA solution with initial 
concentration 3mg/ml versus time for Q Sartobind ion exchange membrane. 
 
In order to minimize the film diffusion in this experiment, which is the diffusion from the 
BSA solution to the membrane surface, it is desired to select a stir rate associated with the 
shortest time needed for the concentration to reach a constant (equilibrium) value. However, it 
should be noted that for a stir rate of 300rpm, as shown in Figure 1, the solution exhibited 
foaming (bubbles at the surface) during the binding experiment. Also, the membrane was 
floating on the top of the solution rather than being fully submerged. Considering that the 
foaming of the protein solution and the position of the membrane may affect the result, 300 rpm 
was determined to be too fast of a stir speed to be used in our experimental setup. Additionally, 
since some foaming also existed at 170 rpm, a stir rate higher than 170rpm will likely result in 
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more foaming. The reasonable range of stir rate should be from 130rpm to 170rpm, which shows 
an equilibrium value has been reached by 24hr. 
The overall diffusivity of the protein through the membrane is controlled by convection 
on the surface of the membrane and diffusion of BSA through membrane, by using the stir rate 
between 130rpm to 170rpm, the effect of convection can be minimized. So in that case we are 
only considering the effects which are pore diffusion and surface diffusion in the experiment. 
The raw data of the experiment can be found in Appendix B. 
 
Determine the maximum equilibrium binding capacity 
The equilibrium binding capacity was measured after 24 hours following the lab protocol 
for various initial protein concentrations at a stir rate of 170rpm, 22℃.  
  
Figure 2. The value of adsorbed protein density versus the BSA equilibrium concentration in 
mg/ml for Q Sartobind membrane with 0.01M phosphate Buffer pH=7 in first round of 
experiment.  
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 Figure 2 shows the adsorbed protein density versus equilibrium concentration follows the 
Langmuir isotherm. As expected, we observe that with an increase of the equilibrium 
concentration, the value of 𝑞∗ increases nearly linearly at first and then approaches a constant 
value, which in this case approaches 62 mg/ml. The literature value of the 𝑞∗is around 27mg/ml 
[15] with 0.01M phosphate Buffer pH=7 at the same pressure and temperature. The experimental 
value of 𝑞∗obtained in this study is higher compared to the literature value. The Langmuir 
isotherm model was used in determining the 𝑞௠ and the 𝐾ௗ value. The EBC and 𝐾ௗ value found 
by Langmuir isotherm method is 𝑞௠ equal to 61.64 mg/ml and the 𝐾ௗ value is 0.235 mg/ml. 
 
Figure 3. The linearized relationship between the final BSA concentration in mg/ml over the 
binding capacity of Q Sartobind membrane in mg/ml and the final BSA concentration in bulk 
solution. 
 The result from linear transformation of Langmuir isotherm was also used to compare 
with the literature result [15]. For the linear transformation of the Langmuir isotherm, following 
equation was used 
𝐶
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=
1
𝐾ௗ𝑞௠
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𝐶
𝑞௠
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by plot ஼
௤∗
 versus concentration C, the slope will be ଵ
௤೘
, then the value of 𝑞௠ and 𝐾ௗ can be 
further calculated. The EBC and 𝐾ௗ value found by linear transformation of the Langmuir 
isotherm [12] is 𝑞௠ equal to 68.90 mg/ml and the 𝐾ௗ equal to 2.51 mg/ml.  
Determine the predicted dynamic binding capacity by Carta’s model. [1] 
 The dynamic binding capacity for Q Sepharose FF anion exchange resin was predicted 
and compared with the literature value. First, the equilibrium binding capacity of Q Sepharose 
FF anion exchange resin was determined using the Langmuir isotherm method.  
 
Figure 4. Equilibrium adsorption data for Q Sepharose FF anion exchange resin using solutions 
of BSA in 20 mmol/L Tris-HCl pH 8. Langmuir isotherm with 𝐾ௗ=0.038 mg/ml and 𝑞௠=114.5 
mg/ml also shown for comparison with literature values of Kd=0.05 mg/ml and 𝑞௠=137 mg/ml 
[15].  
 
The value of 𝐾ௗ was determined as 0.038 mg/ml and the value of 𝑞௠ was determined as 114.5 
mg/ml. Then The DBC model from Dr. Carta [1] was used to determine the DBC for Q 
Sepharose FF anion exchange resin. 
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Figure 5. Predicted dynamic adsorption data for Q Sepharose FF anion exchange resin using 
solutions of BSA in 20 mmol/L Tris-HCl pH 8 at 10% breakthrough. Also shown for comparison 
with literature values of Experimental DBC [13].  
 
The predicted value has the same trend compared to the experimental value of Q 
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mg/ml lower on average compared to the experimental value from the literature. For the batch 
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which makes membranes a desirable adsorbent for the processes that need to be completed in a 
short residence time. 
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Conclusions 
 
In this study, the appropriate stir rate for conducting equilibrium adsorption was 
determined to be in the range of 130rpm to 170 rpm. With stir rate of 170 rpm or higher the 
solution started to foaming. Since foaming may denature the protein and hindered the binding of 
protein the maximum stir rate was determined to be 170 rpm.  
The equilibrium adsorption data for Q Sepharose FF anion exchange resin was collected 
using solutions of BSA in 20 mmol/L Tris-HCl pH 8. Langmuir isotherm with 𝐾ௗ=0.038 mg/ml 
and 𝑞௠=114.5 mg/ml. The experimental data are lower when compared with the literature values 
of 𝐾ௗ=0.05 mg/ml and 𝑞௠=137 mg/ml [16]. The dynamic binding capacity of Q Sepharose FF 
anion exchange resin was predicted; however, the value shows deviation compared to the 
experimental data from literature. 
To determine the productivity of the adsorbent, the binding capacity of the adsorbent 
should be considered with the residence time that needed for the process. One of the challenges 
to predict the DBC of membrane was to determine the porosity and the particle size for 
membrane. According to Wu et al. [12], the hydraulic permeability of membrane can be used to 
calculate membrane porosity, which is a direction for future study. Future work includes using a 
dynamic chromatography system to measure the experimental DBC of various adsorbents. 
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Appendix A. Bovine serum albumin calibration curve in buffer 
 
Figure A1. The calibration curve of BSA protein in 0.01M phosphate Buffer with pH=7 in room 
temperature and pressure. 
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Appendix B. Raw Data 
The result of stir rate experiment 
Table 1. The concentration of BSA in the solution at different time for different stir rate for the 
control group. 
stir 
rate 
(rpm) 
initial 
concentratio
n (mg/ml) 
concentration 
after 0.5 hours 
(mg/ml) 
concentration 
after 2 hours 
(mg/ml)  
concentration 
after 4 hours 
(mg/ml) 
concentration 
after 6 hours 
(mg/ml) 
concentration 
after 24 hours 
(mg/ml) 
100 3.000 3.042±0.066 2.980±0.030 2.942±0.046 2.924±0.055 2.960±0.036 
130 3.000 2.986±0.067 2.974±0.039 2.962±0.042 2.995±0.017 3.033±0.056 
170 3.000 2.960±0.050 2.939±0.026 2.942±0.073 2.954±0.094 2.965±0.042 
300 3.000 3.153±0.022 3.211±0.040 3.220±0.075 3.293±0.090 3.103±0.029 
 
Table 2. The concentration of BSA in the solution at different time for different stir rate for the 
experimental group. 
stir 
rate 
(rpm) 
initial 
concentratio
n (mg/ml) 
concentration 
after 0.5 hours 
(mg/ml) 
concentration 
after 2 hours 
(mg/ml)  
concentration 
after 4 hours 
(mg/ml) 
concentration 
after 6 hours 
(mg/ml) 
concentration 
after 24 hours 
(mg/ml) 
100 3.000 2.389±0.043 1.935±0.026 1.704±0.041 1.540±0.028 1.347±0.021 
130 3.000 2.260±0.029 1.879±0.051 1.625±0.034 1.590±0.045 1.560±0.040 
170 3.000 2.143±0.032 1.595±0.097 1.449±0.049 1.379±0.043 1.388±0.054 
300 3.000 2.277±0.063 1.921±0.050 1.917±0.037 1.812±0.016 1.642±0.076 
 
Table 3. The normalized concentration of BSA in the solution at different time for different stir 
rate. 
stir 
rate 
(rpm) 
initial 
concentration 
(mg/ml) 
concentration 
after 0.5 hour  
concentration 
after 2 hour  
concentration 
after 4 hour  
concentration 
after 6 hour  
concentration 
after 24 hour  
100 3.000 0.785 0.649 0.579 0.527 0.455 
130 3.000 0.757 0.632 0.548 0.531 0.514 
170 3.000 0.724 0.543 0.493 0.467 0.468 
300 3.000 0.722 0.598 0.595 0.550 0.529 
 
Table 4. The slope and the error of the calibration curve 
Calibration Curve  
slope 0.068321049 
error 0.00031899 
24 | P a g e  
 
 
 
Figure 1. The concentration of BSA in the solution at different time for different stir rate. 
 
Figure 2. The normalized concentration of BSA in the solution at different time for different stir 
rate 
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